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Manifestations of Nonlocal Exchange, Correlation, and Dynamic Effects in X-Ray Scattering
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We report precise measurements of differential x-ray scattering cross sections in Ne and He from 11–
22 keV and develop a method for obtaining predictions of comparable accuracy (1%). The measurement
of ratios (total scattering in Ne to He and Compton to Rayleigh scattering in Ne) facilitates comparison
to theories. We find evidence for the need to include nonlocal exchange, electron correlation, and
dynamic effects for an accurate description at lowZ and conclude that no single current theory is
sufficient. [S0031-9007(98)06921-X]
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The use of x rays has been of fundamental importan
in a number of fields, from demonstrating the validity o
the quantum theory of radiation [1] to determining macro
molecular structures such as DNA [2]. Recent advanc
in experimental techniques, such as the use of mode
synchrotron sources that permit accurate experimen
with well-defined initial conditions, coupled with similar
advances in theory, such as the development of compu
codes that calculate the relativisticS-matrix, now make it
possible to perform precision investigations necessary
probe details in the description of atomic x-ray scatterin
Among the phenomena that have recently been i
vestigated are the need for multipoles in describin
photon-atom interactions [3] and the effects of electro
correlations on atomic processes ([4], and referenc
therein). In this Letter we describe the need for nonloc
effects in describing x-ray scattering, even at relative
high energies, and confirm the need for inclusion of ele
tron correlation and dynamic effects. In obtaining thes
results, we performed the first experimental decompositio
of Compton scattering from Rayleigh scattering in fre
atoms. We also describe experimental and theoretic
methods to obtain absolute scattering cross sections at
accuracy ofø1%. Our results have broad implications
for calculations of elastic and inelastic photon scatterin
from light elements, which are widely used to deter
mine crystallographic structures and electron momentu
distributions.

RelativisticS-matrix calculations of elastic photon scat
tering have been available for some time [5]. These ha
mainly been tested by high energy x- org-ray scattering on
solid targets composed of heavy elements [6] where th
are superior to other, simpler techniques, leading to the
wide acceptance as a benchmark [7]. Only recently [
has a similar theory been successfully applied to Compt
596 0031-9007y98y81(8)y1596(4)$15.00
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scattering. This theory has not been as extensively tes
against measurements. In both cases, the emphasis
been on an accurate description of the photon-atom inter
tion. The main approximations are made in the descriptio
of the atom, which is assumed to be spherically symmetr
and with the electron-electron interactions included on
within the independent particle (IPA) and local exchang
approximations.

Simpler predictions for these cross sections can
obtained by calculating form factors (FF) for Rayleigh
scattering, and Compton profiles, using the impulse a
proximation (IA), and incoherent scattering factors [(ISF
which include the Raman channel] for Compton scatterin
These theories are derived from theA2 term of the nonrela-
tivistic HamiltonianfHint  s1y2mc2de2A2 2 seymcdp ?

Ag. Such calculations can be performed using bound sta
wave functions in a nonrelativistic local central potentia
(e.g., FF [9] calculated using Hartree-Fock-Slater wav
functions [10]), or with greater sophistication for the rela
tivistic case (modified form factor, MFF [11]), or including
effects which go beyond the IPA. Examples are the no
relativistic [12] and relativistic [13] nonlocal FF and ISF
of Hubbellet al. Beyond the IPA, some results for FF and
ISF exist [14–16]. Other corrections include the anoma
lous scattering factor (ASF) for Rayleigh scattering and th
coherent nuclear Thomson (NT) amplitude.

Very few experiments have been reported for scatterin
from free atoms [17–20], the case for which cross sectio
are usually calculated. In view of the basic need fo
accurate and absolute measurements in free atoms
assess the importance of various approximations, we ha
explored scattering from neon at90± in the 11 to 22 keV
range where sizable differences (up to 16%) between t
S-matrix and nonlocal exchange form-factor calculation
of the elastic scattering channel exist. As described belo
© 1998 The American Physical Society
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the major source of the difference in light elements can
traced to the local exchange approximation with addition
important contributions arising from electron correlatio
and dynamic effects.

We measured polarization-independent differenti
cross sections in Ne at energies far above theK edge
(870 eV) and where Compton and Rayleigh scatteri
cross sections are comparable. By measuring rati
dstotsNedydstotsHed and dsCsNedydsRsNed, several
difficult absolute measurements were circumvented
e.g., of x-ray flux and detector efficiency, and it wa
thus possible to obtain high accuracy. (In this pape
dstot, dsC , dsR denote differential cross sections at90±

for total, Compton, and Rayleigh scattering, respective
and dstot  dsC 1 dsR). The ratio of total scattering
in Ne to He is a good test of theory because the He to
scattering cross sections are well described by nonre
tivistic, nonlocal ISF [12] over this energy and momentu
transfer range.

The experiment was performed on a bending magn
beam line (12BM) at the Basic Energy Sciences Synch
ton Radiation Center (BESSRC) of the Advanced Phot
Source. Monochromatic x rayssDEyE ø 1.4 3 1024d
created a line source in the gas target which was view
simultaneously by two well-characterized Si(Li) detecto
[21] placed orthogonal to each other and to the phot
beam propagation axis. Polarization-independent cro
sections are obtained for any polarization state of the in
dent beam by averaging the yield in the above geomet
The detector acceptances were defined by two apertu
and determined though simulation to beø90± 6 3±. Scat-
tered x rays passed throughø25.4 mm of gas and a125-m
Kapton window to the detectors. Gas pressure was m
sured toø0.25%. The higher harmonics of the inciden
beam entered only indirectly through run-to-run normaliz
tion, where the use of a low-Z gas (N2) in the ion cham-
bers decreased their contributions to,0.7%.

Measurements were made at 11, 15, 18, and 22 keV
ray energies, and two pressures (ø1 and 2 atm) for each
gas, Ne and He. Background measurements, Fig. 1
taken with an evacuated cell, show no scattered light at
incident energy (in this case 22 keV). The two features
ø24 and 25 keV correspond toKa emission from In and
Sb impurities in the detector. Backgrounds at the oth
energies were very similar in shape. The backgroun
were scaled and subtracted from the experimental spe
to produce the spectra shown in Figs. 1(b) and 1(c).

The normalized total differential scattering cross sectio
was obtained viadsydV ~ fYa 1 YbgyfI00NFexitg. Ya,b
are the integrated yields (for detectors “a” and “b”) cor-
rected for electronic live time.I00  sI0 2 IbkgDT dFinc
with I0  integral ion chamber current,Ibkg  dark count
rate, andDT  the duration of the run.N is gas den-
sity and Finc sFexitd  x-ray transmission to the inter-
action region (detectors). Extrapolation from the valu
measured at 1 atm to zero pressure provides correcti
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FIG. 1. Energy spectra in the Si(Li) detector oriented norm
to the polarization plane. (a) Background spectrum with emp
cell, (b) scattering from Ne at 22 keV, and (c) scattering fro
Ne at 11 keV. For (b) and (c) decomposition of the Compto
and Rayleigh cross sections is shown in the dashed lines.

of ø2% to the Ne cross sections. The He data exhib
no pressure-dependent effects. The experimental rat
dstotsNedydstotsHed, are shown in Fig. 2 and Table I.
The experimental statistical errors areø0.2%. System-
atic errors include (1) variations in backgroundø0.2%,
(2) extrapolation to zero pressureø0.4%, and (3) run-to-
run variation in He normalizationø0.7%. The latter is
consistent with x-ray beam movement ofø60.5 mm.

The Compton and Rayleigh cross sections were se
rated using the well-characterized detector response [
and the IA Hartree-Fock Compton profiles [22]. Th
whole-atom profile was computed as the sum of the1s,
2s, 2p subshell profiles and was then used with th
detector response to generate a Compton line shape.
amplitudes and positions of the generated Compton a
Rayleigh line shapes were varied in a four-parame
fit to the experimental data. Examples of these fits a
shown in Figs. 1(b) and 1(c). While the overlap betwee
Compton and Rayleigh scattering is substantial at 11 ke
the separation is reliable toø8%. The uncertainty in
dsCsNedydsRsNed decreases toø2% at 22 keV. These
errors represent the sum of the fitting uncertaintysø2%d
and the dispersion obtained from fits where the weigh
for the individual subshell IA profiles were unconstraine
and the parameters describing the detector response w
varied within uncertainties established by radioactiv
1597
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FIG. 2. Top: Ratio of total scattering cross section in neo
to helium normalized to the “best” prediction (see text fo
description of best prediction). Bottom: Compton to Rayleig
cross section ratio in neon normalized to the best predicti
for that ratio. Experiment (filled circles); Hubbell [12] (solid
line); the most sophisticated theory for which comprehensi
tabulations are currently available (MFF1 ASF for Rayleigh,
Hubbell [12] for Compton) (dot-dashed line). Squares sho
S-matrix Rayleigh and agreement with MFF1 ASF results.

source measurements, He Compton profile fits, a
Rayleigh line shapes in the Ne scattering spectra. With
this resolution, Raman scattering from theK sLd shell is
included with the Compton (Rayleigh) cross section.

Table I shows experimental and theoretical values f
the ratio of total scattering in Ne to He and the Ne Compto
to Rayleigh ratio. The theoretical cross sections for90±

are used since the weighted average over the field of vi
s90 6 3±d is identical toø1023. He cross sections are
from Hubbell et al. [12]. The two columns following
the experimental result show widely available theoretic
results: simple scattering factors from Hubbellet al. [12]
and the most sophisticated theory for which comprehens
tabulations are currently available (MFF1 ASF [23] for
Rayleigh, Hubbellet al. [12] for Compton). Figure 2
ection
TABLE I. Comparison of experiment and theory. (i) Ratio of total scattering cross sections at90± in Ne to He,
dstotsNedydstotsHed. (ii) Compton to Rayleigh ratio in Ne,dsCsNedydsRsNed. The theoretical value ofdstotsHed is from
Hubbell et al. [12]. The headers for columns 3, 4 show the origin of the Rayleigh cross section (upper) and Compton cross s
(lower). Best and simplest theoretical predictions are composite results as described in the text.

E Hubbell MFF1 ASF
(keV) Expt. Hubbell Hubbell Best Simplest

(i) dstotsNedydstotsHed
11 7.31 (10) 7.25 7.83 7.33 7.59
15 5.74 (14) 5.89 6.10 5.92 5.94
18 5.61 (6) 5.60 5.70 5.60 5.58
22 5.49 (10) 5.45 5.50 5.45 5.44

(ii) dsCsNedydsRsNed
11 0.95 (8) 1.03 0.89 0.92 0.91
15 2.06 (9) 2.30 2.06 2.12 2.07
18 3.06 (7) 3.21 2.98 3.03 3.01
22 4.09 (8) 4.30 4.10 4.14 4.19
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displays the experimental and theoretical results. Note
the top panel (total scattering cross section) that Hubbell
results are in good agreement with experiment, in contra
to the bottom panel (Compton to Rayleigh ratio). The
opposite is true for the sophisticated MFF1 ASF and
S-matrix results.

The contradiction is resolved by examining the approxi
mations made in these theories. The “simplest” predic
tions (Table I, column 6) are obtained from the form facto
and impulse approximations, respectively (using local non
relativistic IPA bound state wave functions and including
the elastic NT amplitude). The best predictions (Table I
column 5) are composite results obtained by correcting th
simplest for five effects (nonlocal exchange, electron corre
lation, relativity, dynamics, and Raman scattering). Thes
effects are estimated by considering the various resul
within the FF, ISF, and IA approximations and by going
beyond IA (Compton) and FF (Rayleigh). A perturbative
regime is assumed in which all corrections are small an
can be added linearly.

Table II shows percentage corrections for our situation
Nonlocal exchange corrections are obtained by comparin
the nonlocal FF and ISF of Hubbellet al. [12] with local
potential results; electron correlation effects by compar
ing the correlated FF and ISF of Wanget al. [14] with
Hubbell et al. [12], and relativistic effects by comparing
relativistic and nonrelativistic FF and IA calculations. Dy-
namic effects in the Rayleigh case are given by the AS
or S-matrix and in the Compton case by a comparison o
relativistic IA, S-matrix, and exactA2 calculations per-
formed in a common screened central potential, as we
as the contribution arising from thep ? A terms [24] and
for the difference between IA andA2 calculations [25].
Their complex behavior reflects the portion of the Comp
ton peak which is kinematically allowed in a given subshel
at a given energy. Raman scattering is given by theA2

calculations.
These corrections provide insight into the results give

in Table I. In total scattering the corrections are additive
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TABLE II. Percentage corrections for (i) Compton and (ii) Rayleigh scattering cross sections in neon for effects beyon
(i) impulse and (ii) form factor approximations (using local nonrelativistic IPA bound state wave functions). The addit
effects are nonlocal—use of a nonlocal potential; electron correlation (Cor.)—use of correlated wave functions beyond H
Fock; relativistic (Rel.)—use of relativistic wave functions and modified form factor; dynamic (Dyn.)—going beyond the
factor (Rayleigh) or impulse (Compton) approximation; Raman effects (K andL-shell Raman processes appear with Compton a
Rayleigh cross sections, respectively).

(i) Compton (ii) Rayleigh
E Raman Raman

(keV) Nonlocal Cor. Rel. Dyn. K shell Nonlocal Cor. Rel. Dyn. L shell

11 1.4% 23.3% 20.1% 21.2% 0.0% 29.5% 0.9% 20.2% 4.8% 0.2%
15 1.1% 21.0% 20.1% 0.4% 0.0% 26.2% 0.9% 20.4% 3.9% 0.2%
18 0.9% 20.4% 20.1% 0.2% 0.0% 23.3% 0.4% 20.4% 3.3% 0.1%
22 0.7% 20.2% 20.1% 20.6% 0.0% 21.2% 0.1% 20.5% 2.6% 0.1%
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and can be significant. The simplest prediction does n
do well at 11 keV. In the ratio of Compton to Rayleigh
cross sections, however, it is the difference between t
Compton and Rayleigh corrections that matter, giving ris
to a rough cancellation, so that the best and simple
predictions are more in agreement. Neither Hubbell’
tabulation nor the MFF1 ASF prediction do well in both
situations at all four energies.

In conclusion, none of the current theories for which nu
merical values are available can alone properly descri
x-ray scattering in neon (and presumably in other ligh
elements). The size of the dynamic effects indicates
need to go beyond the form factor (Rayleigh) and im
pulse (Compton) approximations to obtain accurate cro
sections. While the current IPAS-matrix theories for
Rayleigh and Compton scattering are known to work we
for high-Z elements and high energies, for lowZ they are
less reliable because they do not include nonlocal exchan
and electron correlation effects. As seen here, it is possib
to correct existing calculations for the various effects an
achieve accuracies atø1% 2% level in agreement with
experiment.
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